Introduction
============

Lung cancer is the most common type of malignant tumor, with a high incidence of \~2.1 million new cases and \~1.8 million deaths of lung cancer in 2018 worldwide ([@b1-ol-0-0-11036]--[@b3-ol-0-0-11036]). Non-small cell lung cancer (NSCLC) accounts for 15% of all cases of lung cancer with multiple toxin-associated mutations, including epidermal growth factor, KRAS, PI3K subunit α (PIK3CA) and AKT1 mutations and PIK3CA amplification ([@b4-ol-0-0-11036]--[@b6-ol-0-0-11036]). Cancer therapy has become increasingly personalized over the past decade ([@b7-ol-0-0-11036]--[@b9-ol-0-0-11036]), and new effective diagnostic methods and evaluation systems are urgently needed for imaging malignancies and monitoring their therapeutic responses.

Imaging technologies allow non-invasive diagnosis of cancers and provide dynamic information on the effectiveness of therapies and on patient prognosis. Cancer diagnosis by conventional radiological imaging methods, such as computed tomography (CT) or magnetic resonance imaging (MRI) scanning, is not fully straightforward in certain cases due to the relatively non-specific nature of the clinical features and incomplete validation of imaging findings ([@b10-ol-0-0-11036]). Molecular imaging has shown great potential in the cancer field and has provided detailed information about the uptake of target molecules by numerous types of tumor lesions and their presence therein. The most common application to date has been the imaging of overexpressed antigen-associated tumors; the radiolabeled antibody of the human epidermal growth factor receptors (HER1, HER2 and HER3) have been widely used in breast cancer, gastric cancer and NSCLC ([@b11-ol-0-0-11036],[@b12-ol-0-0-11036]). Compared with traditional imaging techniques such as CT or MRI, molecular imaging in nuclear medicine is a non-invasive whole-body scanning modality, and is more suitable for the detection and quantification of the expression levels of target molecules in tumor tissue ([@b13-ol-0-0-11036],[@b14-ol-0-0-11036]). Radioimmunoimaging, which involves the use of a radionuclide in combination with highly specific antibody-based imaging tracers ([@b15-ol-0-0-11036]), can provide a non-invasive way to evaluate the expression and distribution of molecular targets *in vivo*, thereby contributing to accurate disease diagnosis and therapeutic and prognostic evaluations. Therefore, the search for molecular markers that are highly specific to the various cancer types is of great importance and urgently required for radioimmunoimaging.

Angiogenesis is of fundamental importance for growing tumors ([@b16-ol-0-0-11036],[@b17-ol-0-0-11036]) since by switching to an angiogenic phenotype, followed by the development of new vasculature, solid tumors can reach a critical size of 1--2 mm^3^ ([@b18-ol-0-0-11036],[@b19-ol-0-0-11036]). Thus, angiogenesis is an attractive and novel target for tumor diagnosis.

CD93, a transmembrane protein, acts as an adhesion molecule to promote the adhesion and migration of inflammatory cells to endothelial cells, the phagocytosis of apoptotic cells, and the formation of new blood vessels ([@b20-ol-0-0-11036]). Previous studies have shown CD93 to be a key regulator of tumor angiogenesis, regulating adhesion between the cells and the cellular matrix. Decreased expression of CD93 could induce cytoskeletal reconstruction and adhesion loss, thereby inhibiting endothelial cell adhesion and migration, as well as abnormal angiogenesis in glioblastoma ([@b21-ol-0-0-11036],[@b22-ol-0-0-11036]). Additionally, CD93 has low expression in normal tissue, but differential expression in metastatic and advanced primary glioma, indicating its potential use in cancer diagnosis ([@b23-ol-0-0-11036]).

In the present study, a ^125^I-labeled CD93-specific monoclonal antibody (^125^I-anti-CD93 mAb) was prepared for the investigation of CD93 expression in mouse xenograft models of two different types of NSCLC cell lines. We postulated that ^125^I-anti-CD93 mAb radioimmunoimaging could be used for monitoring NSCLC cells with CD93-positive expression, and therefore may be useful in the future for non-invasive clinical diagnosis of this disease.

Materials and methods
=====================

### Ethics statement

All animal studies were conducted in accordance with protocols approved by the Animal Care and Use Committee of Shandong University.

### Cell culture

The human lung adenocarcinoma (LUAD) A549 cell line and the human lung squamous cell carcinoma (LUSC) SK-MES-1 cell line (both human NSCLC cell lines) were obtained from the American Type Culture Collection. Both cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin (HyClone; GE Healthcare Life Sciences) at 37°C in a humidified incubator with 5% CO~2~.

### Flow cytometry analysis of CD93 expression in NSCLC cells

CD93 expression in A549 and SK-MES-1 cells was determined using flow cytometry. In brief, the cells were digested by trypsin, centrifuged (100 × g at 4°C for 5 min) and suspended in ice-cold PBS (pH 7.4) at a concentration of 5×10^5^ cells/100 µl. The cells were then incubated with PBS and phycoerythrin (PE)-conjugated CD93 antibody (200 µg/ml, dissolved in phosphate-buffered solution with 0.09% sodium azide and 0.2% BSA, pH 7.2; BioLegend, Inc.) for 30 min at 4°C. After the incubation, the cells were washed twice with ice-cold PBS and the binding efficiency was analyzed using a MACSQuant flow cytometer (Miltenyi Biotec GmbH). The mean fluorescence intensities were quantified using FlowJo 7.6.1 software (Tree Star, Inc.).

### Quantification of CD93 mRNA and protein expression levels

The CD93 mRNA and protein expression levels were evaluated using semi-quantitative reverse transcription (RT)-PCR and western blot assays, respectively.

For the semi-quantitative RT-PCR analysis, cells at \~70% confluency were digested by trypsin and centrifuged (100 × g at 4°C for 5 min), and the total RNA was extracted using TRIzol^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Total RNA was resuspended in RNase-free water. Subsequently, the first-strand DNA was generated using TransScript^®^ One-Step gDNA Removal and cDNA Synthesis kits (Beijing Transgen Biotech, Co., Ltd.). The reactions were performed in a total volume of 20 µl, consisting of 1 µg total RNA, 1 µl anchored oligo(dT)18 (0.5 µg/µl), 10 µl 2X TransScript reaction mix, 1 µl reverse transcription enzyme mix and 7 µl RNase-free water, and incubated at 42°C for 30 min and 85°C for 5 min. According to the operation instruction of EasyTaq PCR kit (Beijing Transgen Biotech, Co., Ltd.), 2 µl complementary DNA was mixed with 0.5 µl specific primers (10 µM), 2 µl dNTP (2.5 mM), 0.25 µl EasyTaq DNA polymerase, 2.5 µl 10X EasyTaq buffer and 17.25 µl double-distilled water. The PCR primer sequences used are as follows: CD93 forward, 5′-TGCCTGGACCCTAGTCTGC-3′ and reverse, 5′-GCTTGGAGATGCACGAGTTC-3′; and GAPDH forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′ and reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′. GAPDH was used as the control. The PCR conditions were as follows: Initial denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 30 sec, 56°C for 30 sec and 72°C for 1 min, with a final extension at 72°C for 10 min. The PCR products were electrophoresed in 1.5% (w/v) agarose gels containing 0.5 µg/ml ethidium bromide to confirm the expected size of the fragments and were visualized under UV light. Band density was analyzed and quantified using Gel-Pro 3.1 software (Media Cybernetics, Inc.).

For the western blot analysis, A549 and SK-MES-1 cells at \~70% confluency were harvested by scraping and the total protein was extracted using RIPA lysis buffer containing 1% phenylmethylsulfonyl fluoride (Boston BioProducts, Inc.). The protein concentration was determined with a protein assay kit (Beyotime Institute of Biotechnology). Then, 20 µg total protein was loaded onto the corresponding wells of 4--12% SDS-PAGE (Bio-Rad Laboratories, Inc.) together with the Chameleon Duo Pre-stained Protein Ladder (SMOBIO Technology, Inc.). The electrophoresed proteins were transferred onto a 0.45-µm PVDF membrane (EMD Millipore) at 100 mV for 90 min at 4°C in transfer buffer (25 mM Tris, 0.2 M glycine and 20% methanol). The membrane was blocked in 5% (w/v) skimmed milk blocking buffer for 1 h at 20°C with agitation and then washed with TBS containing Tween-20 (TBS-T). Rabbit anti-human CD93 antibody (dilution, 1:1,000; dissolved in 40% glycerol, 9.85% Tris glycine and 50% tissue culture supernatant, pH 7.4; cat. no. ab134079; Abcam) was added and the membrane was incubated overnight at 4°C. GAPDH polyclonal antibody (dilution, 1:5,000; dissolved in phosphate-buffered solution with 0.02% sodium azide and 50% glycerol, pH 7.2; cat. no. AB0063; Bioworld Technology, Inc.) was used as the loading control. Next, the membrane was washed 3 times with TBS-T and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (dilution 1:10,000; dissolved in phosphate-buffered solution with 0.09% sodium azide and 0.2% BSA, pH 7.2; cat. no. TA140003; OriGene Technologies, Inc.) for 1 h at 20°C. After washing with TBS-T, Immobilon Western HRP Substrate (EMD Millipore) was added. The membrane was subsequently scanned and quantitatively analyzed using a Tanon 4200 imaging system (Tanon Science & Technology Co., Ltd.) and ImageJ 1.8.0 software (National Institutes of Health).

### Preparation of the ^125^I-anti-CD93 mAb

Radioiodination of anti-CD93 mAb and rabbit isotype IgG (dissolved in 0.01% sodium azide, 59% PBS, 40% glycerol and 0.05% BSA, pH 7.2; cat. nos. ab134079 and ab172730; Abcam) with Na^125^I was performed according to the Iodogen solid-phase labeling method, as previously described ([@b24-ol-0-0-11036]). In brief, 10 µg anti-CD93 mAb was added to 100 µl phosphate buffer (PB; 0.05 M; pH 7.4), and then 12 megabecquerel (MBq; 12 MBq=300 mCi) Na^125^I was added. The mixture was incubated for 20 min at 37°C, and the reaction was subsequently terminated by adding 150 µl 0.05 M PB and incubating the mixture for 10 min at 37°C. The labeling compound was purified on a Sephadex G-25 gel filtration column (GE Healthcare Life Sciences) as previously described ([@b25-ol-0-0-11036]) and the labeling efficiency was calculated. A mixture of 0.9% saline and methanol at a volume ratio of 1:2 was used as an unfolding agent. The stability of ^125^I-anti-CD93 mAb *in vitro* was determined in 0.05 M PBS (pH 7.4) or in human serum. The ^125^I-labeled IgG isotype was used as a non-specific control tracer and was prepared in a similar method as aforementioned.

### Evaluation of ^125^I-anti-CD93 mAb

The binding affinity of ^125^I-anti-CD93 mAb to A549 and SK-MES-1 cells was determined. In brief, cells were seeded into 96-well culture plates at 1×10^5^ cells/well. ^125^I-anti-CD93 mAb in PBS solution (at concentrations ranging from 3 to 100 nM) was added to the cells. After incubation at room temperature for 2 h, the cells were washed twice with ice-cold 1X PBS containing 0.1% BSA (Shanghai Lianshuo Biological Technology Co., Ltd.), pyrolyzed with 1 mol/l NaOH and harvested, and the activity was determined with a CRC 25R gamma counter (Capintec, Inc.). For the competitive binding assay, 0.1--1,000 nM anti-CD93 mAb and 15 nM ^125^I-anti-CD93 mAb were used, with a final reaction volume of 500 µl. The maximum binding ability (Bmax), dissociation constant (Kd) and receptor density on the cells were determined using GraphPad Prism 5.0 software (GraphPad Software, Inc.).

### Animal studies

Subcutaneous xenograft tumors of the A549 or SK-MES-1 cell lines were induced in 240 5-week-old (weight, 18±2 g) female nude mice (BALB/c-nu; n=5/group; Beijing Vital River Laboratory Animal Technology Co., Ltd.) by injecting 2×10^6^ tumor cells (suspended in 200 µl PBS) into the lower right flank of the animal. All mice were bred and maintained under specific pathogen-free conditions in individually ventilated (HEPA-filtered air) sterile cages (14 days; humidity, 50--60%). All mice were maintained under a 12-h light/dark cycle with access to standard mice chow and sterilized water *ad libitum*. The mice and tumor size were monitored every 2 days for 2 weeks ([Fig. S1](#SD1-ol-0-0-11036){ref-type="supplementary-material"}). The volume of the tumor was calculated as (long diameter × short diameter × short diameter)/2. The animals were subjected to imaging and biodistribution studies once the tumor size had reached 5--10 mm in diameter.

### Dynamic whole-body phosphor autoradiography

To block hormone synthesis by the thyroid gland, 10% potassium iodide was added to the drinking water 2 days before injection of the radiotracers. Tumor-bearing mice were then intravenously injected with 0.55 MBq ^125^I-anti-CD93 mAb. ^125^I--IgG (0.55 MBq) was also injected into another group of A549 tumor-bearing mice as the IgG isotype control for imaging. Phosphor autoradiography scans were conducted at 24, 48 and 72 h post injection. Dynamic whole-body phosphor autoradiography was performed with a Cyclone Plus scanner (PerkinElmer, Inc.). Anesthesia was induced and maintained with pentobarbital sodium (60 mg/kg) by intraperitoneal injection. Each anesthetized mouse was placed on the storage phosphor screen plate, with its back to the plate in low light, and exposed to the plate for 20 min. Upon exposure, the plate was immediately scanned. Semi-quantitative analysis was performed by manually drawing rectangular regions of interest (n=5) within the target area at each time point. Digital light units per square millimeter (DLU/mm^2^) measurements were obtained using OptiQuant Image Analysis Software v5.0 (PerkinElmer, Inc.).

### Biodistribution studies

^125^I-anti-CD93 mAb (0.37 MBq) was injected into each mouse tumor model (n=5 per group). ^125^I--IgG (0.37 MBq) was also injected in another group of A549 tumor-bearing mice to demonstrate the non-specific distribution of the IgG isotype. The mice were sacrificed by cervical dislocation at 24, 48 and 72 h post injection, and the stopping of the heart and the limbs turning white indicated death. The tumor, blood and major tissues/organs (heart, lung, liver, kidney, spleen, small intestine and muscle) were harvested, washed and weighed. The samples and primed standards used as the radioactive background control were evaluated for radioactivity with the gamma counter, and the measurements were corrected for physical decay using a standard value. Tissue activity was expressed as the percentage of injected dose per gram (% ID/g). The target-to-non-target (T/NT) ratio was defined as the ratio of the tumor to the muscle on the opposite side from the cell injection site.

### Statistical analysis

All experiments were repeated three times. All data are denoted as the mean ± SD. The Student\'s t-test was used to compare the expression of CD93 in A549 and SK-MES-1 cell lines. Statistical comparisons of biodistribution data sets were analyzed using a one-way factorial ANOVA. All analyses were performed with GraphPad Prism v5.0 software (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Flow cytometry analysis of CD93 expression in the NSCLC cell lines

The two NSCLC cell lines incubated with either PE-conjugated CD93 antibody or negative control PBS were analyzed for CD93 expression using flow cytometry ([Fig. 1](#f1-ol-0-0-11036){ref-type="fig"}). The A549 cells displayed enhanced fluorescence signals when incubated with the PE-conjugated CD93 antibody, which was indicative of elevated CD93 expression in this cell line. By contrast, a lower fluorescence signal was detected in the SK-MES-1 cell line.

### Quantification of CD93 mRNA and protein expression in the NSCLC cell lines

The relative expression levels of CD93 in the A549 and SK-MES-1 cell lines were determined using western blot ([Fig. 2A](#f2-ol-0-0-11036){ref-type="fig"}) and semi-quantitative RT-PCR ([Fig. 2B](#f2-ol-0-0-11036){ref-type="fig"}) analyses. Semi-quantitative RT-PCR analysis revealed that CD93 mRNA expression was high in A549 cells and low in the SK-MES-1 cells. The ratio of CD93 to GAPDH was obtained by normalizing the band intensities of CD93 to those of GAPDH at the protein level. The protein band for A549 cells showed a high signal, indicative of a high CD93 expression level (n=3), whereas the band for the SK-MES-1 cells showed a low signal, representing a low CD93 expression level.

### Radiochemical characteristics of the ^125^I-anti-CD93 mAb

Labeling of the anti-CD93 mAb with ^125^I resulted in a labeling yield of 91.37±2.21%, whereas labeling of the IgG yielded 90.24±1.58% ^125^I--IgG. The radiochemical purity of both ^125^I-anti-CD93 mAb and ^125^I--IgG was \>90%. The specific radioactivity of ^125^I-anti-CD93 mAb was 1,096.44 MBq/mg, whereas that of ^125^I--IgG was 1,082.88 MBq/mg. Both radiolabeled probes were relatively stable in human serum and in normal saline, where the radiochemical purity of these two probes was \>90% for ≤72 h, with no significant difference between them ([Fig. 3](#f3-ol-0-0-11036){ref-type="fig"}).

### Cell-binding affinity of the ^125^I-anti-CD93 mAb

The cell-binding studies indicated that the Kd of ^125^I-anti-CD93 mAb was \~27.09±1.81 nM for A549 cells and 40.31±3.55 nM for SK-MES-1 cells ([Fig. 4A](#f4-ol-0-0-11036){ref-type="fig"}), demonstrating that ^125^I-anti-CD93 mAb had a higher binding affinity for A549 cells than for SK-MES-1 cells. In the competitive binding analysis ([Fig. 4B](#f4-ol-0-0-11036){ref-type="fig"}), the excess unlabeled anti-CD93 mAb could almost completely block the binding of ^125^I-anti-CD93 mAb, which was comparable with the 3--8% non-specific binding observed for ^125^I--IgG.

### Dynamic whole-body phosphor autoradiography

Whole-body phosphor autoradiography was performed at 24, 48 and 72 h after injection of the ^125^I-anti-CD93 mAb into the A549 and SK-MES-1 tumor-bearing mice. The uptake of ^125^I-anti-CD93 mAb in A549 tumor bearing mice increased from 24 h and declined at 72 h ([Fig. 5](#f5-ol-0-0-11036){ref-type="fig"}; [Table SI](#SD1-ol-0-0-11036){ref-type="supplementary-material"}), with the highest uptake occurring at 48 h post-injection. At all times after injection, A549 tumors displayed a higher uptake of radioactivity compared with that of SK-MES-1 tumors. The radioactivity in the tumor area showed a substantial increase from 63,210±5,419 to 76,740±3,430 DLU/mm^2^ for the A549 model, whereas there was only an increase from 56,410±1991 to 57,060±3,495 DLU/mm^2^ for the SK-MES-1 model. There was no obvious radioactivity concentration in ^125^I--IgG group (i.e. A549-IgG group). ^125^I--IgG could not delineate the tumor sites at any time point ([Fig. 5](#f5-ol-0-0-11036){ref-type="fig"}), suggesting that there was a specific accumulation of ^125^I-anti-CD93 mAb in the CD93-positive tumors only.

### Biodistribution studies

*Ex vivo* biodistribution studies were performed to verify the results of the imaging studies and to further quantify the ^125^I-anti-CD93 mAb uptake. As presented in [Table I](#tI-ol-0-0-11036){ref-type="table"}, ^125^I-anti-CD93 mAb exhibited favorable blood clearance efficiency in A549 tumor xenograft models, comparable with the non-tumor-bearing mice ([Table II](#tII-ol-0-0-11036){ref-type="table"}). The uptake of ^125^I-anti-CD93 mAb by A549 tumors was 7.81±0.80, 6.42±0.71 and 3.51±0.44% ID/g, with T/NT ratios of 2.42±0.14, 4.45±0.86 and 2.69±0.13 at 24, 48 and 72 h post injection, respectively. By contrast, the T/NT ratios of ^125^I-anti-CD93 mAb in SK-MES-1 tumors were 1.67±0.27, 1.97±0.07 and 2.02±0.18 at 24, 48 and 72 h post injection, respectively, which were significantly lower than those in A549 tumors ([Fig. 6](#f6-ol-0-0-11036){ref-type="fig"} and [Table III](#tIII-ol-0-0-11036){ref-type="table"}). The uptake of ^125^I--IgG was only 1.71±0.24% ID/g at 48 h ([Table IV](#tIV-ol-0-0-11036){ref-type="table"}), and the radioactive tracer failed to target CD93 in the tumor-bearing mice, suggesting the non-specific tumor binding of ^125^I--IgG. Statistical comparisons of T/NT results ([Table SII](#SD1-ol-0-0-11036){ref-type="supplementary-material"}) further demonstrated the specificity of ^125^I-anti-CD93 mAb *in vivo*. Bone, thyroid and intestines displayed minimal or background levels of ^125^I-anti-CD93 mAb activity, in agreement with the imaging data.

Discussion
==========

The identification of novel targeted molecules for specific tumors would increase the accuracy of cancer diagnosis. In recent years, radioimmunoimaging has emerged as a successful imaging tool for detecting different types of cancer ([@b26-ol-0-0-11036],[@b27-ol-0-0-11036]). However, due to the lack of target molecules that can be uptaken in high quantities by tumor cells, the clinical application of radioimmunoimaging has been limited ([@b28-ol-0-0-11036]). Angiogenesis supplies all cellular tissues with oxygen and nutrients, and plays a key role not only during embryo development and physiological processes but also in several diseases, such as diabetes, ischemic heart disease, glomerular disease and cancer ([@b29-ol-0-0-11036],[@b30-ol-0-0-11036]). Tumor angiogenesis occurs through the regulation of genes, including inhibitors of DNA binding-1, endothelial tyrosine kinase and CD34, that orchestrate endothelial sprouting and vessel maturation, including the deposition of a vessel-associated extracellular matrix ([@b31-ol-0-0-11036]). Angiogenic factors include activator and inhibitor molecules that influence the angiogenic process ([@b32-ol-0-0-11036]).

CD93 has been recently reported as a novel angiogenic activator ([@b21-ol-0-0-11036],[@b33-ol-0-0-11036]). Known as the complement component C1q receptor, CD93 is a transmembrane protein that is preferentially expressed in the vascular endothelium ([@b34-ol-0-0-11036]). Langenkamp *et al* ([@b22-ol-0-0-11036]) reported that high expression of CD93 promoted angiogenesis and reduced survival of patients with high-grade astrocytic gliomas. Moreover, it was reported that CD93 is highly expressed in nasopharyngeal carcinoma tissues and may serve as a novel therapeutic target for the treatment of this disease ([@b35-ol-0-0-11036]). Therefore, we postulated that CD93 may be a suitable biomarker for NSCLC.

Despite the evaluation of CD93 in relation to tumors would be of notable interest clinically, few studies on this topic have been conducted to date. Recent research shows that anti-CD93 mAb is able to neutralize the formation of new vessels both *in vitro* and *in vivo* ([@b36-ol-0-0-11036]), suggesting that it may be a suitable target for antiangiogenic therapy. The high blood clearance rate of anti-CD93 mAb demonstrated a low background in the plasma ([@b36-ol-0-0-11036]). Therefore, radiolabeled anti-CD93 mAb may provide an effective non-invasive method for visualizing CD93 expression *in vivo*. Similarly, in the present study, using a mouse model of lung cancer, the blood uptake of the administered ^125^I-anti-CD93 mAb was lower compared with that of ^125^I--IgG ([Tables I](#tI-ol-0-0-11036){ref-type="table"} and [IV](#tIV-ol-0-0-11036){ref-type="table"}). Thus, ^125^I-anti-CD93 mAb could be used in these NSCLC models, which is more clinically relevant compared with conventional tumor imaging agents.

In the *ex vivo* biodistribution experiment in the present study, low and uniform lung and cardiac uptakes also allowed for a higher contrast of the qualitative read on tumors. However, an unexpectedly high uptake (6.06±0.83% ID/g) in the spleen was observed 24 h after ^125^I-anti-CD93 mAb administration. This may be due to the spleen being blood-rich and the biggest immune organ, which contained more CD93-positive immunocytes, so ^125^I-anti-CD93 mAb in the blood may have more chances of binding to these immunocytes, leading to the relatively higher radioactivity retention. Considering that these CD93-positive immunocytes dispersed in white pulp of the spleen, the radioactive concentration was only slightly higher in the spleen. This diffused radioactivity had little effect on the lung cancer imaging. In addition, the radioactivity retention in the spleen was found to be time dependent. The uptake in the spleen decreased to 3.87±0.74% ID/g at 48 h post injection, while 6.42±0.71% ID/g retention was found in the tumors at the same time point. Furthermore, there was no obvious radioactive accumulation in the spleen during whole-body phosphor autoradiography at 48 and 72 h post injection. ^125^I--IgG was also evaluated in the present study, and it failed to target CD93 in the tumor-bearing mice, exhibiting non-specific retention in the tumors. These cell-specific and favorable non-target clearance features of ^125^I-anti-CD93 mAb make it a promising radiotracer for imaging NSCLC.

Two NSCLC cell lines of different histological subtypes were selected for the present study: The human LUAD A549 cell line and the human LUSC SK-MES-1 cell line. Both LUSC and LUAD are the NSCLC subtypes occurring with the highest prevalence, accounting for 80--85% of all lung cancer cases ([@b37-ol-0-0-11036],[@b38-ol-0-0-11036]). A large-scale sequencing study has revealed the genomic differences between LUAD and LUSC ([@b39-ol-0-0-11036]). These two subtypes show a number of different pathological characteristics, with LUAD growing more slowly than LUSC and tending to metastasize extensively at an earlier stage ([@b40-ol-0-0-11036]). A previous study has shown that patients with LUSC have a poorer prognosis compared with that of patients with LUAD following surgical resection ([@b41-ol-0-0-11036]). In addition, 4,124 genes were differentially expressed in LUAD and LUSC; a higher number of pathways associated with immune response, cell signal transduction, metabolism, cell division and cell proliferation were identified in LUAD compared with LUSC ([@b42-ol-0-0-11036]). Herein, the difference in CD93 expression between LUAD and LUSC has been described, with the levels being higher in A549 cells compared with those in SK-MES-1 cells. The specificity of a targeted probe based on CD93 expression in the two different NSCLC xenograft models was evaluated, and ^125^I-anti-CD93 mAb revealed a higher rate of radiotracer retention in A549 tumors compared with that in SK-MES-1 tumors at all time points. The imaging parameters and their temporal changes may be essential for tissue characterization, including histological subtypes of cancers. Previous studies have demonstrated marked differences in positron emission tomography-CT parameters according to the histological subtype of resected NSCLC ([@b43-ol-0-0-11036],[@b44-ol-0-0-11036]). In addition, various CT perfusion parameters have been reported to differ between lung cancer subtypes ([@b45-ol-0-0-11036],[@b46-ol-0-0-11036]), showing inconsistent results ([@b47-ol-0-0-11036]--[@b52-ol-0-0-11036]). The results of the present study may be associated with the higher angiogenic potential of LUAD, as demonstrated by the higher level of CD93 expression in A549 cells compared with that in SK-MES-1 cells. These data indicated that CD93 may have the potential to be used as a biomarker for improving the accurate diagnosis of borderline lesions that lack specific characterizing features to distinguish their histological subtype.

Radioimmunoimaging reveals the accumulation of the target antibody *in vivo*, where the pharmacokinetic characteristics of the radiotracers are based on the molecular weight of the antibody ([@b53-ol-0-0-11036]). In the present study, full antibodies with a long circulating half-life were used. Fab fragments or genetically engineered antibodies may be an optimal choice for improving the poor pharmacokinetic characteristics of the radiotracers ([@b54-ol-0-0-11036],[@b55-ol-0-0-11036]). In addition, the molecular mechanism behind the regulation of CD93 expression in lung cancers of different histological subtype remains to be further investigated.

In conclusion, ^125^I-anti-CD93 mAb could be used for non-invasive radioimmunoimaging of NSCLC based on tumor cell CD93 expression, particularly for histological subtype identification. Our results indicate the potential clinical application of this particular radiotracer for the diagnosis of CD93-positive tumors.
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![Flow cytometric analysis of A549 and SK-MES-1 cell lines. Each cell line was incubated with PBS (control; red) or phycoerythrin-CD93 (blue) to determine its level of CD93 expression.](ol-18-06-6413-g00){#f1-ol-0-0-11036}

![Quantification of CD93 mRNA and protein expression in non-small cell lung cancer cell lines. GAPDH was used as the internal reference. (A) Western blot verification of the differential expression of CD93 between A549 and SK-MES-1 cells. (B) Semi-quantitative reverse transcription-PCR analysis showed that CD93 mRNA expression was high in A549 cells and low the SK-MES-1 cells. \*P\<0.05, \*\*P\<0.01.](ol-18-06-6413-g01){#f2-ol-0-0-11036}

![Stability analysis of the radiolabeled probes. Stability analysis of ^125^I-anti-CD93 mAb and ^125^I--IgG in human serum or NS at 24, 48 and 72 h. NS, normal saline; mAb, monoclonal antibody.](ol-18-06-6413-g02){#f3-ol-0-0-11036}

![*In vitro* evaluation of the radiolabeled probes. (A) Representative saturation binding and Scatchard plots of ^125^I-anti-CD93 mAb binding to non-small cell lung cancer cells. (B) The concentration of the labeled radioligand (anti-CD93 mAb and IgG isotope) was constant, while increasing concentrations of unlabeled anti-CD93 mAb were added to compete with the binding. mAb, monoclonal antibody. B/F, specific binding/free radioligand concentration; B/B0, radioactivity with the antibody-to-radioactivity without the antibody ratio.](ol-18-06-6413-g03){#f4-ol-0-0-11036}

![Whole-body phosphor autoradiographic images of non-small cell lung cancer tumor-bearing mice. (A) The uptake of ^125^I-anti-CD93 mAb in the tumor area increased from 24 h and declined at 72 h, with the most notable accumulation in the tumor area at 48 h post-injection.^125^I--IgG could not delineate the tumor sites at any time point. (B) Following injection of the ^125^I-anti-CD93 mAb, the A549 tumors exhibited higher radiotracer uptake compared with that of SK-MES-1 tumors at all time points. The arrow points to the location of the tumor. \*P\<0.05; ^\#^P\<0.05; ^&^P\<0.05;^\#\#\#^P\<0.001. . mAb, monoclonal antibody; DLU, digital light units.](ol-18-06-6413-g04){#f5-ol-0-0-11036}

![Biodistribution of ^125^I-anti-CD93 mAb in non-small cell lung cancer tumor-bearing mice from 24 to 72 h post injection. (A) A549 tumors showed significantly higher uptake of ^125^I-anti-CD93 mAb compared with that of SK-MES-1 tumors and the non-specific IgG group at 48 h. \*\*\*P\<0.001 and ^\#\#\#^P\<0.001. (B) The tumor-to-muscle ratio in the A549 group was higher compared with that in the SK-MES-1 and IgG control groups at 48 h. The highest tumor-to-muscle ratio in the A549 group occurred at 48 h post injection, in accordance with the results from whole-body phosphor autoradiography. \*P\<0.05; ^\#^P\<0.05. . mAb, monoclonal antibody; % ID/g, percentage of injected dose per gram.](ol-18-06-6413-g05){#f6-ol-0-0-11036}

###### 

Biodistribution of ^125^I-antiCD93 monoclonal antibody in mice injected with A549 tumor cells.

                          Time, h                                                                                                             
  ----------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  Blood                   3.37±0.74                                                 1.95±0.38                                                 0.96±0.99
  Bone                    2.20±0.55                                                 1.79±0.52                                                 0.76±0.36
  Kidney                  6.77±1.05                                                 3.35±0.84                                                 1.77±0.67
  Spleen                  6.06±0.83                                                 3.87±0.74                                                 2.58±0.32
  Thyroid                 2.30±0.48                                                 1.61±0.20                                                 1.17±0.21
  Liver                   4.82±1.07                                                 3.70±0.90                                                 1.44±0.58
  Intestines              2.78±0.60                                                 1.37±0.39                                                 0.90±0.32
  Heart                   3.27±0.50                                                 2.15±0.39                                                 1.17±0.20
  Lung                    3.27±0.23                                                 2.16±0.39                                                 1.23±0.08
  Muscle                  3.30±0.55                                                 1.54±0.34                                                 1.31±0.16
  Tumor                   7.81±0.80^[c](#tfn3-ol-0-0-11036){ref-type="table-fn"}^   6.42±0.71^[c](#tfn3-ol-0-0-11036){ref-type="table-fn"}^   3.51±0.44^[c](#tfn3-ol-0-0-11036){ref-type="table-fn"}^
  Tumor-to-muscle ratio   2.42±0.14                                                 4.45±0.86                                                 2.69±0.13

Mean ± SD.

\% ID/g, the uptake of radioactivity in the tissues.

P\<0.05.

###### 

Biodistribution of ^125^I-antiCD93 monoclonal antibody in non-tumor-bearing mice.

               Time, h                 
  ------------ ----------- ----------- -----------
  Blood        3.57±0.22   1.89±0.20   0.97±0.87
  Bone         2.35±0.41   1.74±0.48   0.81±0.29
  Kidney       6.80±1.11   3.29±0.74   1.80±0.58
  Spleen       6.02±0.47   3.95±0.63   2.49±0.32
  Thyroid      2.22±0.35   1.70±0.11   1.10±0.20
  Liver        4.77±1.01   3.81±0.84   1.39±0.55
  Intestines   2.81±0.73   1.33±0.30   0.90±0.21
  Heart        3.25±0.61   2.20±0.33   1.09±0.33
  Lung         3.20±0.40   2.25±0.41   1.18±0.21
  Muscle       3.24±0.47   1.50±0.40   1.25±0.18

Mean ± SD. % ID/g, percentage of injected dose per gram.

\% ID/g shows the uptake of radioactivity in the tissues.

###### 

Biodistribution of ^125^I-antiCD93 monoclonal antibody in mice with SK-MES-1 tumor cells.

                          Time, h                                                                                                             
  ----------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  Blood                   3.40±0.67                                                 2.01±0.40                                                 1.04±0.06
  Bone                    2.27±0.42                                                 1.70±0.51                                                 0.70±0.21
  Kidney                  7.12±0.86                                                 4.45±0.40                                                 1.81±0.67
  Spleen                  6.25±0.59                                                 3.89±0.27                                                 2.74±0.45
  Thyroid                 2.62±0.19                                                 1.66±0.53                                                 1.18±0.13
  Liver                   5.03±1.17                                                 4.31±0.75                                                 1.50±0.41
  Intestines              2.68±0.56                                                 1.46±0.31                                                 1.13±0.40
  Heart                   3.42±0.82                                                 1.97±0.39                                                 1.09±0.06
  Lung                    3.14±0.19                                                 1.98±0.18                                                 1.46±0.15
  Muscle                  3.06±0.47                                                 1.67±0.21                                                 1.31±0.14
  Tumor                   4.92±0.44^[c](#tfn8-ol-0-0-11036){ref-type="table-fn"}^   3.27±0.40^[c](#tfn8-ol-0-0-11036){ref-type="table-fn"}^   2.62±0.26^[c](#tfn8-ol-0-0-11036){ref-type="table-fn"}^
  Tumor-to-muscle ratio   1.67±0.27                                                 1.97±0.07                                                 2.02±0.18

Mean ± SD.

\% ID/g, the uptake of radioactivity in the tissues.

P\<0.05.

###### 

Biodistribution of ^125^I--IgG isotype antibody in mice with A549 tumor cells.

                          Time, h                 
  ----------------------- ----------- ----------- -----------
  Blood                   3.45±0.70   1.82±0.14   1.09±0.11
  Bone                    2.71±0.30   1.91±0.19   1.13±0.15
  Kidney                  6.80±1.05   3.40±0.86   1.44±0.45
  Spleen                  4.42±0.87   3.23±0.35   1.68±0.37
  Thyroid                 2.70±0.43   1.65±0.28   0.85±0.13
  Liver                   6.05±0.84   3.29±0.73   1.40±0.29
  Intestines              2.22±0.45   1.64±0.47   0.90±0.19
  Heart                   3.83±0.74   2.65±0.31   1.75±0.29
  Lung                    4.10±0.67   2.23±0.48   1.45±0.72
  Muscle                  3.13±0.23   1.54±0.43   0.90±0.06
  Tumor                   4.06±0.32   2.45±0.33   1.52±0.27
  Tumor-to-muscle ratio   1.30±0.02   1.71±0.24   1.68±0.25

Mean ± SD.

\% ID/g, the uptake of radioactivity in the tissues.
